In a classic Hermann grid display, faint and transient (illusory) spots are produced at the intersections of a white grid superimposed on a black background (or vice versa). In a variant of the Hermann grid developed by Spillmann and Levine (Spillmann, L., & Levine, J. (1971) . Contrast enhancement in a Hermann grid with variable figure-ground ratio. Experimental Brain Research, 13, 547-559), the vertical and horizontal bars have different reflectance levels. In previous studies, the illusory spots in the Hermann and Spillmann and Levine grids have been treated analogously. Here, we focus on differences by introducing two types of 'weaves': one type consists of intertwined vertical and horizontal bars with the same luminance levels (hereinafter referred to as 'equiluminant weaves'); the vertical bars in the other type of weave differ in luminance level from the horizontal bars (hereinafter referred to as 'luminance-mismatched weaves'). The Hermann grid is a type of equiluminant weave, and the portion of the Spillmann and Levine grid in which the bars have different reflectance levels is similar to the luminance-mismatched weave. We demonstrate differences between illusory spots produced by luminance-mismatched weaves (and therefore Spillmann and Levine displays) and spots produced by equiluminant weaves (and therefore the Hermann grid): (1) low-pass equiluminant weaves create scintillating patterns, whereas low-pass luminance-mismatched weaves do not; (2) unlike spots for equiluminant weaves, the spots for the luminance-mismatched weaves are not abolished by jagged bars, wavy bars, thick bars, or orientation changes; (3) unlike the spots for equiluminant weaves, the spots for luminance-mismatched weaves occur foveally; and (4) unlike the spots for equiluminant weaves, luminance-mismatched weaves can be created with contrast variation (contrast-contrast, or 2nd-order weaves). We suggest three possible explanations for these results: (1) equiluminant weaves are just a liminal case among luminance-mismatched weaves; (2) the spots arise out of the co-activation of cortical simple cells and color-selective cells, where color-selective cells represent both hue and achromatic sensations; and (3) the spots for both equiluminant and luminance-mismatched weaves are present in high spatial frequency content, but the appearance or disappearance of the spots indicates the interplay between luminance and contrast responses at multiple spatial scales.
Introduction
A white grid superimposed on a black background (or vice versa) produces faint and transient spots at each of the grid's intersections. The phenomenon is referred to as the 'Hermann grid illusion' after the physiologist Ludimar Hermann, who made note of the phenomenon in 1870 (Hermann, 1870) , although an observation of the phenomenon had been made earlier by the Rev. W. Selwyn, which was then reported by David Brewster 26 years prior to 1870 (Brewster, 1844; Wade, 2005) . The Hermann grid phenomenon has been important for visual science because it indicates interactions that arise across spatial regions. The classic explanation of the spots is based on the response of ganglion cells with center-surround receptive fields (Baumgartner, 1960) ; however, there have been a number of challenges to this model because of the ease of abolishing the appearance of the spots by changing the orientation of the grid (e.g., de Lafuente & Ruiz, 2004) , modifying the structure of the bars (Spillmann, 1994) , or breaking up the linearity of the grid (Geier, Bernáth, Hudák, & Séra, 2008; Geier, Séra, & Bernáth, 2004) . Here, we present 'weaves', a display that contains intertwined horizontal and vertical bars placed on a background. Perturbations that abolished spots for the classic Hermann grid illusion do not abolish the weave spots when the horizontal and vertical bars have different luminance levels (luminance-mismatched weaves) but do abolish weave spots when the horizontal and vertical bars have the same luminance levels (equiluminant weaves). Examples of the luminance-mismatched weaves are shown in Fig. 1 . The spots occur at intersections where the bar crossing over another has a luminance level between that of the bar below it and the background. On a white background, illusory bright spots occur only at intersections where the light grey bars cross in front of the dark bars ( Fig. 1A top) ; on a black background, illusory dark spots occur only at intersections where the light grey bars cross behind the dark bars (Fig. 1A bottom) . The luminance-mismatched weaves also produce spots when the fields are chromatic (Fig. 1B and C) , in which case the spots appear to be brightness increments or decrements to chromaticity of the overlapping bar. We have included a supplementary movie that shows how the illusory spots dynamically shift from one intersection to another as the background luminance modulates from light to dark (Supplement 1).
The luminance-mismatched weaves are based on the same principle and show effects similar to the Spillmann and Levine (1971) variation of the Hermann grid. We therefore suggest the name 'Spillmann's weaves' to refer to the class of luminance-mismatched weaves. The Spillmann and Levine (1971) display consisted of paper cut-outs of vertical bars (from low to high reflectance) presented in front of horizontal bars (from high to low reflectance); the bars were placed on a split white and black background (the image was reproduced in introductory comments to a compendium by Held and Richards (1972) ; our computerized reproduction is shown in Fig. 1D ). On a white background, the illusory spots appear at intersections where light bars go over dark bars (i.e., at intersections in the lower right triangle of their image), and on a dark background, the illusory spots appear only at intersections where dark goes over light (i.e., at intersections in the upper left triangle of their image). The spots produced by luminance-mismatched weaves and the Spillmann and Levine displays are similar to lightness changes in grating induction (Foley & McCourt, 1985; McCourt, 1982) . Indeed, Spehar, Gilchrist, and Arend (1995) reported that grating induction is observed only if the luminance of homogeneous test stripes is intermediate to that of the induced grating.
In equiluminant weaves, the horizontal and vertical bars have the same luminance level; equiluminant weaves are therefore a generalized case of the Hermann grid, in which the vertical and horizontal bars are either both white or both black (as in the top and bottom portions of Fig. 2A ; the bars in the middle portion cannot be seen because they are the same luminance as the background). In chromatic examples of equiluminant weaves (shown in Fig. 2B and C), illusory spots appear intermittently and only in the periphery when the bars are placed against a light or dark background, but do not appear at all when the bars are placed against a mid-level background. This is consistent with other reports of chromatic Hermann grids (Comerford, Bodkin, & Thorn, 2004; Comerford, Thorn, & Bodkin, 2005; Comerford, Thorn, & Garland, 2006; Oehler & Spillmann, 1981; Schiller & Carvey, 2005) and gives support to the idea that chromatic spots cannot be created by activating color-selective cells alone but require some form of luminance offset (Schiller & Carvey, 2005) . The difference between spots produced by equiluminant weaves and luminance-mismatched weaves can be explored in the 'interactive RGB-Weaves' supplemental demonstration file (Supplement 2).
In most other reports, spots that arise from the Hermann grid and the Spillmann and Levine displays have been treated as if they are fundamentally the same (see, for instance, Schiller & Carvey, 2005) . In this paper, we demonstrate differences between spots produced by luminance-mismatched weaves (including Spillmann and Levine's display) and spots produced by equiluminant weaves (including the Hermann grid): (1) low-pass equiluminant weaves create scintillating patterns, whereas low-pass luminance-mismatched weaves do not; (2) unlike spots for equiluminant weaves, the spots for the luminance-mismatched weaves are not abolished by jagged bars, wavy bars, thick bars, or orientation changes; (3) unlike the spots for equiluminant weaves, the spots for luminance-mismatched weaves occur foveally; and (4) unlike the spots for equiluminant weaves, luminance-mismatched weaves can be created with contrast variation (contrast-contrast, or 2nd-order weaves). Our demonstrations cannot firmly rule out the possibility that spots for equiluminant weaves represent the limiting conditions of the luminance-mismatched weaves, and cannot rule out Schiller and Carvey's (2005) suggestion that chromatic spots result from the co-activation of luminance-driven orientation-selective cells and 'color-selective simple cells'. Our results suggest that if Schiller and Carvey's model is correct, then the color-selective simple cells in the co-activation model must also respond to achromatic lights. We therefore suggest a third explanation, in which the spots for both equiluminant and luminance-mismatched weaves are present in high spatial frequency content, but the appearance or disappearance of the spots indicates the interplay between luminance and contrast responses at multiple spatial scales.
Weaves

Methods
In this paper we present a series of variations on the weaves display. The effects produced by these variations should be observable in the accompanying images. We tested 21 naïve observers on a computer monitor to see whether they would report seeing the images in the same way that we describe them in each section (for the chromatic weaves, only 15 observers were tested). Observation distance was about 60 cm, and free viewing was used. All participants had normal or corrected-to-normal visual acuity (15 females, six males; age ranged between 19 and 45 years), color vision was tested with isochromatic plates (Velhagen & Broschmann, 2003) , and written consent was provided. Photometric measurements were made with a Spectra Scan PR650 (Photo Research); equiluminance was established strictly by photometric measurements, not by individual observer settings.
Observers were first familiarized with the classical Hermann grid. Then they were presented with our weaves patterns in randomized order. The task was to describe the image and to state whether they perceived any Hermann-grid-like spots at the intersections. If so, they were asked to locate these intersections and describe what the spots looked like (circular, square-shaped, bright, dark, colored). No time limit for inspection was given, but observers on average started with their description after only 2-5 s.
Phenomena and results
For the images of Figs. 1 and 2, all observers reported seeing spots; i.e., for the chromatic images, 15 out of 15 (100%) reported that luminance-mismatched weaves had spots where light lines cross in front of dark lines on a light background and dark lines cross in front of light lines on a dark background (low contrast between overlying line and background) -foveal and peripheraland that the equiluminant weaves had spots at every intersection (peripheral). When the bars have the same luminance as the background, observers reported perceived spots to be minimal or absent. Similar observations were reported for high contrast achromatic weaves (21 out 21 observers; 100%).
2.2.1. Filtered images: low-pass luminance-mismatched weaves do not create a scintillating pattern; high-pass images contain luminance changes at the intersections Bergen (1985) and Schrauf, Lingelbach, and Wist (1997) showed that the removal of high spatial frequencies from the Hermann grid produces the appearance of lustrous, scintillating dots in the peripheral intersections. We were interested in whether the luminance-mismatched weaves and achromatic equiluminant weaves (i.e., Hermann grids) differ when viewed through spatial filters. Fig. 3 shows the unfiltered images; Fig. 4 shows the low-pass filtered images; and Fig. 5 shows high-pass images. Fig. 3A is a luminance-mismatched weave placed against a background that is white-on-top, grey in the middle, and black on the bottom. low-pass luminance-mismatched weaves do not (A). The low-pass images in Fig. 4 were created with the Adobe Photoshop Gaussian blur filter (set to a radius of 15.0 pixels). For the weaves (Fig. 4A) , against a light background the pixel value of the white-on-top intersections decreases relative to the white bars, and against a dark background the pixel value of the dark-overlap intersections increases relative to the dark bars (with a light background, the values of the white bars dropped from 220 on the bars to 178 at the intersections; with a dark background, the values of the dark bars increased from 32 on the bars to 88 at the intersections). For the low-pass Hermann grids ( Fig. 4B and C) the pixel value at the intersections is greater than the pixel value of the horizontal and vertical bars in Fig. 4B and less than the pixel value of the horizontal and vertical bars in Fig. 4C (in Fig. 4B the pixel values go The pattern of high spatial frequency information increases the physical direction of change at the intersections. This can be seen in high-pass versions of the images (Fig. 5) . The images were created with the Adobe Photoshop high-pass filter set to a radius of 15.0 pixels (about the size in pixels of the width of the bars).
As can be seen, there is physical increase and decrease at all the intersections. For the luminance-mismatched weaves (Fig. 5A) , there are physical luminance increases against the white background when the white bar is in front of the dark bar, and physical luminance decreases against a dark background when the white bar is behind the dark bar. There is also a slight increase and decrease in the intersections where the spots are not visible (for instance, in the top segment of Fig. 5A the values increase from a pixel value of 31 along the bar to 40 in the intersection, and in the bottom segment the values decrease from a pixel value of 206 along the bar to 180 at the intersection). These physical changes are in the same direction as the changes in the neighboring intersections where spots are visible. We do not have an explicit model to explain why some changes are visible while others are not. However, we note that the contrasts for the changes at intersections where the spots are not visible are lower than the contrasts for intersections with visible spots. For the Hermann grid, there are physical luminance decreases (Fig. 5B) or luminance increases (Fig. 5C ) at all intersections.
Why should the spots arise in the high-pass version of the images? A high-pass image can be considered the original image minus the low-pass image. In the low-pass image, a street is the average of a bar and the background in the original image, whereas an intersection is the average of two bars and the background. When the low-pass content is removed from the original image to create a high-pass image, the difference between these two averages will create a luminance overshoot at the intersections. The finding suggests that any process that removes low spatial frequency content (like that used to suppress motion blur; see, for instance, Barlow & Olshausen, 2004) can also create spots like those seen in the Hermann grid.
Two features of the removal of low spatial frequency content from the Hermann grid display should be noted. First, the size of the filter is critical. If a low-pass image is approximated by convolving the image with an averaging kernel that is too large, the output will be equal to the average of the image, which when removed from the original image will not create changes at the intersections. If the kernel is too small, removal of the low spatial frequency information will lead to the extraction of only the luminance edges, and this also will not create changes at the intersections. Second, the strength of the perceived smudges depends upon the luminance level of the background (i.e., in a Hermann grid with white bars, the smudges are stronger with a black background than with a grey background). The change in the luminance of the background leads to differences in the local averages. These small differences at the intersections could lead to the perceived spots; however, these differences could be amplified if the size of the averaging area changes as a function of luminance (or luminance contrast) available in the image, or if the output is run through a non-linearity similar to Whittle's (1994a and b) model of brightness contrast. Whichever is the case, the indication that spots correspond to some form of physical energy present in the display suggests that the spots are not entirely illusory, and that perhaps the key to understanding Hermann spots is not to investigate why they arise, but rather why they do not arise under some conditions. This is in line with an elaborate discussion about filtering by the visual system in the pincushion illusion; Ginsburg and Campbell (1977) state that ''[the Hermann grid illusion] can be shown to be due to the filtering of the pattern by the visual system. Such results [suggest] that the illusory lines [spots] are physically present because of the two-dimensional spatial filtering characteristics of the visual system" (p. 962).
The spots in the luminance-mismatched weaves can be seen with foveal fixation and with large bars
One of the main sources of evidence for Baumgartner's (1960) explanation in terms of circular receptive fields was that the spots depend upon the width of the intersecting bars. It has been argued that the Hermann spots do not occur if intersections and bars outgrow the foveal receptive field sizes (Jung & Spillmann, 1970; Lingelbach & Ehrenstein, 2002; Spillmann, 1994) . Fig. 6 directly compares the effect of bar size in luminance-mismatched weaves with bar size in the Hermann grid. With thin bars (panel A), spots in the weaves can be seen when viewed foveally (21 out of 21 observers; 100%), whereas spots for the Hermann grid cannot (panel B; this point was noted by Spillmann & Levine, 1971; Spillmann, 1994; Schiller & Carvey, 2005 , for the contrast Hermann grid). This effect is even more apparent with wide bars (panels C and D). Spots are present in the luminance-mismatched weaves even when viewed foveally (although slightly diminished), but the spots for the Hermann grid are absent even in the periphery. This is true for 17 out of 21 observers (81%) of Fig. 6C , whereas only 3 out of 21 observers (14%) perceived grid spots in Fig. 6D . The information necessary for the spots to be perceived in the weaves with wide bars is still present following a high-pass filtering of the image, as in the previous section. This observation is inconsistent with the classical model, but not inconsistent with a model based on multiscale filtering, such as the one by Blakeslee and McCourt (1999) .
2.2.3. Line contour and shape perturbations remove the perception of spots in the Hermann grid but not in the luminance-mismatched weave One recent demonstration against the classical receptive field model is that Hermann spots can be eliminated by changes in the contour of the lines (increases in jaggedness or waviness) leading to the intersections (Geier, Bernáth, Hudák, & Séra, 2008; Geier, Séra, & Bernáth, 2004; Schiller & Carvey, 2005) . In a similar type of demonstration, we show that jagged edges only minimally affect the spots in the weaves ( Fig. 7A ; 20 out of 21 observers (95%) reported strong foveal and peripheral spots), whereas the same jagged edges weaken the spots from the Hermann grid ( Fig. 7B ; 17 out of 21observers (81%) reported very weak peripheral spots). The information for spots in both of these figures (luminance-mismatched weaves and Hermann grid) is carried in the high spatial frequency information (Fig. 7C and D) . It is a puzzle as to why the waves and jags cause this information to be over-ridden in the Hermann grid but not in the luminance-mismatched weaves. The scintillating grid effect (which results from low-pass filtering of the Hermann grid) is also sensitive to edge variations (Lingelbach & Ehrenstein, 2004).
Rotating the luminance-mismatched weave by 45°does not greatly diminish the perception of the spots
Hermann grid spots are greatly weakened when the image is rotated by 45°, known as 'oblique effect' (Appelle, 1972; Campbell, Kulikowski, & Levinson, 1966; Campbell & Maffei, 1971; De Lafuente & Ruiz, 2004; Levine, Spillmann, & Wolfe, 1980; Spillmann, 1971; Spillmann, 1994; Spillmann & Levine 1971) . De Lafuente and Ruiz (2004) measured the size of the illusory effect psychophysically and found a reduction to 1/3 of the original illusory effect when the Hermann grid was rotated by 45°. But, consistent with other measurements of tilt effects, there exist great inter-observer differences (ranging from 20% to 90% reduction of the illusory effect) (Clifford, Spehar, Solomon, Martin, & Zaidi, 2003) . The abatement of spots at oblique angles is one source of evidence for a simple cell account of the Hermann grid (Schiller & Carvey, 2005) , the reduction in sensitivity being attributed to the fact that orientation-selective neurons exist in a much higher number for horizontal and vertical representation (DeValois & DeValois, 1988) . The spots in the luminance-mismatched weaves, however, are still strong when the pattern is rotated by 45°(rotate Fig. 1 by 45°to obtain the effect; 21 out of 21observers (100%) reported strong spots) or to any other angle -even if seen foveally. Tilting equiluminant weaves eliminates the spots (rotate a Hermann grid by 45°to obtain the effect; 17 out of 21 observers (81%) reported no illusory spots). It is also possible to verify that spots for chromatic equiluminant weaves disappear at 45°by tilting Fig. 1. 
The spots appear in contrast-contrast versions of the weaves but not in contrast-contrast versions of the Hermann grid
Several classes of illusions have been demonstrated for 2nd-order (i.e., contrast-modulated) stimuli: for instance, for Mach bands (Lu & Sperling, 1996) , simultaneous contrast (Chubb, Sperling, & Solomon, 1989; D'Zmura & Singer, 1996) , and reverse phi motion (Lu & Sperling, 1999) . Such stimuli are of interest because they indicate that there are contrast-sensitive systems that can also produce the phenomena. Here, we show that spots can be generated for 2nd-order weaves; we have not been able to generate spots for 2nd-order Hermann grids. The absence of spots in random dot grids has been observed previously (Julesz, 1971 ).
An example of a contrast-contrast weave is shown in Fig. 8 . The stripes have the same averaged luminance; noise was added to the stripes using the Adobe Photoshop Gaussian noise filter. of 21 observers (14%) reported spots in the two Hermann grids (Fig. 8B) . However, those three observers reported spots even at inappropriate intersections of the weaves pattern and were thus rated as having seen 'no spots'.
2.2.6. The spots for luminance-mismatched weaves persist even with wavy bars Geier et al. (2004 Geier et al. ( , 2008 demonstrated that when the bars of a Hermann grid become wavy (they used sinusoidal bars), the perceptual spots disappear (for an interactive demonstration, see Bach, 2005 , http://www.michaelbach.de/ot/lum_her-GridCurved/index.html). This could also be shown for scintillating grids and even physical disks presented on the grid intersections (Levine & McAnany, 2008; McAnany & Levine, 2004) . Levine and McAnany (2008) assume that ''curvature affects detection and is not specifically an inhibitor of illusory effects" (p. 179). In Fig. 9 , we present a luminance-mismatched weave pattern with wavy lines (panel A) and a modified Hermann grid with the same wavy lines (panel B). In the luminance-mismatched weaves, the perceptual spots persist, particularly where the intersections are foveated (reported by 21 out of 21 observers (100%)), whereas in the Hermann grid they are greatly diminished or even absent (16 out of 21 observers (76%) reported very weak grid spots compared to the original). The difference between the wavy luminance-mismatched weaves and the wavy grid is particularly evident when the lines are placed against a temporally modulated background (see Supplements 3 and 4). The disappearance of the spots for the wavy Hermann grid is consistent with the responses of S1-oriented cells (Schiller & Carvey, 2005) . However, it is not clear why the spots for the luminance-mismatched weaves should persist under such conditions. Furthermore, curvature, as suggested by Levine and McAnany (2008) , should lead to an attenuation of the illusory spots in the weaves as well, which is definitely not the case. Thus, curvature might be crucial for 'classical grids' (Hermann or scintillating) but not for weaves patterns.
Discussion
We have introduced 'weaves', a visual display of intertwined horizontal and vertical bars. When the horizontal and vertical bars differ in luminance (luminance-mismatched weaves), spots occur at every second intersection; i.e., the spots occur when the luminance of the overlying bar is between the luminance of the underlying bar and the luminance of the background. When the vertical and horizontal bars have the same luminance levels (equiluminant weaves), the spots occur at all intersections for which the luminance of the bars differs from the luminance of the background. The spots produced by luminance-mismatched weaves are resistant to a wide range of stimulus variations and can be seen foveally, whereas spots produced by equiluminant weaves are easily abolished by stimulus variations and are primarily seen intermittently in the periphery. Equiluminant weaves create chromatic spots only in the presence of a bright or dark background. Schiller and Carvey (2005) proposed a model based on the premises that orientation-selective neurons play a central role in the Hermann grid illusory effect and that lightness and darkness are the product of the relative activity of neurons driven by the ON and the OFF systems. To account for chromatic changes in the luminance of the background, Schiller and Carvey suggest that ''activating color-selective cells alone is insufficient to produce the spots" and propose a model in which spots arise when orientation-selective ON and OFF simple cells are co-activated with color-selective simple cells. While we do not necessarily want to tie our findings to responses of specific cells, we agree that a co-activation model would account for many of the results shown here, and note that such a model is consistent with other accounts of color and orientation (for instance, Clifford et al., 2003; Gegenfurtner & Kiper, 2003) and with models that divide color processing into separate color and color contrast pathways (Shapiro, 2008) .
However, we make two additional observations that expand the co-activation model. First, we consider the achromatic Hermann grid to be part of the same phenomenal class of equiluminant weaves. We make this classification based upon the following observations: (a) both equiluminant weaves and Hermann grids have horizontal and vertical bars of equal luminance; (b) both Hermann grids and equiluminant weaves produce spots that are fragile relative to comparable spots produced by luminance-based weaves; and (c) both Hermann grids and equiluminant weaves produce spots that appear at every intersection.
By connecting the achromatic Hermann grid to equiluminant weaves, we are suggesting that if there is a class of ''color-selective simple cells," as proposed by Schiller and Carvey, a subset of these cells must also respond to achromatic stimuli. Color is defined by the properties of hue, brightness, and saturation; hue and brightness are often considered separate perceptual dimensions because the visual system responds faster to achromatic modulation than to equiluminant modulation (among other differences). However, according to Liu and Wandell (2005) , ''candidate cortical regions for color computation must respond well to signals in all color dimensions (luminance and chromatic) to contain the full range of color information." Liu and Wandell's results indicate that the processes that respond to the appearance of light and dark might be different from faster mechanisms that respond to luminance modulation. This finding is consistent with other fMRI studies that show that the ventral occipital lobe and dorsal occipital lobe encode both luminance and chromatic information (Engel, Zhang, & Wandell, 1997; Kleinschmidt, Lee, Requardt, & Frahm, 1996) . Liu and Wandell (2005) suggest that the ventral occipital lobe has a slower temporal response.
Second, luminance-mismatched weaves are resistant to a wide range of stimulus variations that abolish spots in the equiluminant weaves (including the Hermann grid). While we can see how a model based on oriented simple cell responses (such as Schiller & Carvey, 2005) can account for the disappearance of the spots from the Hermann grid, it is not clear why the model does not predict the disappearance of the spots from the luminance-mismatched weaves as well. For example, while an oriented filter model can account for the disappearance of the spots in the Hermann grid following changes in orientation (Fig. 9B ), spatial scale (Fig. 6B) , or jags in the bar (Fig. 7B) , why would the model not predict a disappearance to occur for the luminance-mismatched weaves (Figs. 9, 6 and 7A)? The most telling of these examples is shown in Fig. 9 , in which the Hermann grid spots disappear when the bars are wavy. The disappearance of the spots can be accounted for by a simple cell model by showing that oriented detectors cannot integrate over the length of the curvy line. However, the spots remain when the wavy pattern is produced as a luminance-mismatched weave.
So, while orientation selectivity in the Hermann grid (such as that shown by De Lafuente & Ruiz, 2004 ) is a fundamental observation for Schiller and Carvey's inclusion of simple cells in their model, orientation selectivity does not seem to be evident when luminance mismatches are present in the weaves. One explanation for the resilience of the luminance-mismatched spots is that the Hermann grid represents the limiting case of the weaves; this possibility was mentioned by Spillmann and Levine (1971) , who stated, ''It appears as though the original Hermann grid illusion were just a liminal case among our observations" (p. 558). In this account, the grids' spots are simply weaker versions of the weaves' spots; the perturbations shown in this paper eliminate the spots in the Hermann grid but are not strong enough to eliminate spots in the luminance-mismatched weaves. Geier et al., 2004 Geier et al., , 2008 According to this view, the patches seen in the luminance-mismatched weaves are the same as brightness changes produced by grating induction (Foley & McCourt, 1985; McCourt, 1982; Spehar et al., 1995 Blakeslee & McCourt, 1999) , should be able to predict all of the effects, although this model would have to be expanded to allow for the presence of chromatic weaves. The advantage of our approach is that luminance-mismatched weaves (and therefore Spillmann-and-Levine-type stimuli) link Hermann grids to grating induction, two phenomena that have so far been investigated and discussed in isolation.
Another possibility is that the color spots require the presence of the luminance boundaries in order to be visible. This was suggested by Schiller and Carvey's co-activation model, where the color-selective cells do not create spots by themselves, the difference being that the presence of the luminance mismatch would create a stronger boundary for color-selective responses. Schiller and Carvey (2005) stated that processes such as this would account for circular shaped spots, and square-shaped spots in the Spillmann and Levine grids (see also observations by Comerford et al., 2004 Comerford et al., , 2005 Comerford et al., , 2006 . In addition, these square-shaped spots occur foveally and peripherally, and not just in the periphery like the equiluminant grid spots.
While both of these accounts have merits, our demonstrations suggest that the differences between weaves and grids may rest in how the visual system weights the spatial frequency content available in each type of display. We showed that the spots are present in the high spatial frequency representation of both the weaves and grids; any neural system that encodes the high spatial frequency information should therefore always produce something akin to the spots, even if the displays are viewed foveally. The observation is consistent with Shapiro, Smith, and Knight (2007) , and Shapiro and Knight (2008) , who showed that the direction of change in most brightness illusions can be accounted for by the removal of low spatial frequency content from the images (this approach can be considered a one-parameter version of a McCourt and Blakeslee ODOG model), suggesting that the presence of the spots in both weaves and grids is related to standard brightness illusions. On the other hand, we have also shown that low-pass versions of luminance-mismatched weaves behave differently from equiluminant weaves. The visual system has separate representations for luminance and contrast information-an idea that is supported by recent physiological studies (Geisler, Albrecht, & Crane, 2007; Mante, Frazor, Bonin, Geisler, & Carandini, 2005) and by psychophysical demonstrations Shapiro, 2008; Shapiro, Charles, & Shear-Heyman, 2005; .
We therefore suggest that it is worth reconsidering Hermann grid phenomena with a more general framework that takes different parallel representations of spatial scales and, potentially, different types of scene statistics into account. For instance, in the Hermann grid, the spots are present in the high spatial frequency information, and a scintillating pattern is present in the low spatial frequency information, but the scintillating pattern is not present for the luminance-mismatched weaves. Also, any neural system that encodes only high spatial frequency information (such as a contrast system) should produce spots in both equiluminant and luminance-mismatched weaves, but the spots sometimes disappear for equiluminant weaves. Why should the response to high spatial frequency information (or the low spatial frequency scintillation) be over-ridden for some equiluminant manipulations but not for luminance-mismatched weaves manipulations? At this point we can only speculate, but it does seem reasonable that at some stage in visual processing, the visual responses to low spatial frequency information have to be mapped onto the visual responses to high spatial frequency information. The mapping process must involve high-order or learned inferences about the environment as well as adaptation to particular stimulus conditions. The demonstrations presented here show that the Hermann grid and the equiluminant weaves lack internal luminance edges at the intersections, whereas standard weaves and overlapping grids (like those of Spillmann and Levine, Fig. 1D ) contain internal luminance edges. It would not be surprising if these internal luminance edges (which would be contained in the high spatial frequency map) create some of the constraints concerning how the mapping takes place.
While direct computational comparison of these models is beyond the scope of this paper, the last option suggests the possibility that the spots are a by-product of lightness interpolation mechanisms or of a process that combines different scale responses. A lightness interpolation mechanism is certainly suggested by the ''Catching Patches" illusion presented by Van Lier and Vergeer (2006) at the Best Visual Illusion of the Year Contest in 2006 (http://illusioncontest.neuralcorrelate.com/index.php?module=pagemaster &PAGE_user_op=view_page&PAGE_id=89). In the Van Lier and Vergeer illusion, spots are captured and defined by thin boundaries placed at equiluminant intersections. It is therefore conceivable that the interplay between different scale responses and luminance and contrast responses could account for the intermittent nature of the spots in equiluminant weaves.
